The effects of NaOAc removal of carbonates, HzOz removal of organic materials, and sodium citrate-bicarbonate-dithionite (SCBD) removal of iron oxides upon the X-ray powder diffraction (XRD) characteristics of clay minerals present within weathered volcanic ash deposits were examined. All pretreatments of samples derived from the Ae and Bhf horizons containing volcanic ash resulted in dramatic increases in XRD peak intensities, while the treatment of IIC-horizon samples resulted in subdued XRD peak intensities. Also, the chemical treatments produced an apparent increase in the amount of expandable clay minerals within the Ae horizon, due probably to the hydrolysis and removal of interlayer A1 z+ when H~O~ and SCBD were used. Hence, poorly ordered and pedogenicaUy modified vermiculite or vermiculite/ montmorillonite interstratifications became "weathered" by H + attack and AP § removal in a manner similar to the natural processes which take place in the acid and eluvial A horizon. In addition, possible XRD peak modification due to the dilution of crystalline clay concentrations 'by amorphous clay-size material appeared to be subordinate to the laboratory-induced chemical alteration of the weathered clay minerals.
INTRODUCTION
Procedures commonly used for X-ray powder diffraction (XRD) identification of clay minerals include some form of chemical pretreatment of clays or clay slurries. The rationale for chemically treating soil clay minerals is to obtain "clean-sharp" XRD peaks which are unobscured by extraneous organic, carbonate, or iron compounds (Jackson, 1973) . In addition, chemical treatment of clay minerals is used to enhance the dispersion and separation of clay-size materials from sandand silt-size materials (Brown, 1961) . Perhaps the most widespread and accepted procedures are those outlined by Jackson (1973) for the removal of organic, carbonate, and iron oxide materials.
The use of chemical treatments to remove non-clay materials is desirable because their presence may prohibit the parallel orientation of the mounted clay and, therefore, reduce XRD peak intensity. In addition, coatings of carbonate or iron oxide may act as cementing agents, possibly holding dissimilar clay materials together (Gibbs, 1967) . Townsend and Reed (1971) , for example, found that the removal of iron oxides exposed previously "masked" peaks and increased XRD peak intensity, as well as the number of clay-size particles in the sample. The identification of crystalline clay minerals in samples containing large amounts of amorphous material is also difficult. McKyes et al. (1974) concluded that the removal of amorphous materials not only produced a soil of "discrete and clean" mineral particles, but that the XRD peaks of treated clays did not change in intensity, although they were much sharper than the XRD peaks of untreated clays.
However, such treatments prior to XRD analysis are not without question. , for example, concluded that treatments for iron removal and dispersion affected the characterization of chlorite, montmorillonite-type minerals, vermiculite, and intergrade components. In addition, they found that increases in the degree of expansion upon solvation and in the degree of collapse upon K-saturation and heating were related to the severity of the treatment. Douglas and Fiessinger (1971) established that the use of H202 to oxidize organic matter causes a degradation of the XRD peaks of some standard soil clays. found that SCBD and Na2COz treatments to remove iron and disperse clays not only increased the number of clay species that could be identified, but also increased the likelihood of identifying montmorillonite. Furthermore, these authors arrived at the disconcerting conclusion that clay minerals identified by XRD techniques may be arbitrary and empirical, for they found identification to be dependent upon the particular combination of specimen carrier, saturating cation, particle-size, method of iron removal, dispersion reagents, and even the chance peeling of specimens.
Although chemical treatments of standard clay mineral~ have the capability of "manufacturing" clay assemblages which are not representative of soil-clay sysCopyright ~) 1980, The Clay Minerals Society 303
terns, a detailed examination of the effect of chemical treatments on soil clay minerals derived from the weathering of surface mixtures of volcanic ash and till materials has not been reported. Also, in view of the possibility that the striking similarity of clay mineral distributions identified within the volcanic ash-derived surface materials of the Western Cordillera may be more artificial than real (Brewster, 1979) , it becomes increasingly important to determine possible laboratory-induced alterations of existing clay mineral assemblages. Even though some form of treatment may be necessary for clay dispersion and separation (Jackson, 1973) , it is desirable to identify and characterize clay minerals as they exist in situ. In view of the possibility of clay mineral alteration resulting from treatments used to obtain "clean-sharp" XRD peaks, an experiment was devised to examine the effects of specific chemical treatments used individually and in combination upon the XRD characteristics of clay minerals present within mixtures of volcanic ash and till.
MATERIALS AND METHOD
For this experiment, the <2/zm clay-size fractions were extracted by centrifugation from the mineral horizons of Pedon 6, located in the Mount Edith Cavell meadows of Jasper National Park, Alberta, Canada (52~ 118~ The horizons consist of varying proportions of volcanic ash, till, and colluvial materials (Brewster, 1979) . Chemical and physical characteristics of this pedon resulted in an Orthic Ferro-Humic Podzol (Typic Cryorthods) classification according to the strict application of the Canadian system of soil classification (Canadian Soil Survey Committee, 1978) . Clay samples obtained from each of the four mineral horizons comprising this pedon were subjected to the following pretreatment or series of pretreatments, resulting in eight subsamples from each original clay sample:
1. Untreated. 2. Hydrogen peroxide removal of organic material (Jackson, 1973) . 3. Sodium acetate removal of carbonates (Jackson, 1973) . 4. Sodium citrate-bicarbonate-dithionite (SCBD) removal of iron oxides (Jackson, 1973; Mehra and Jackson, 1960) . 5. Sodium acetate removal of carbonates followed by hydrogen peroxide removal of organic material. 6. Sodium acetate removal of carbonates followed by hydrogen peroxide removal of organic material followed by SCBD removal of iron oxide. 7. Hydrogen peroxide removal of organic material followed by SCBD removal of iron oxide. 8. Sodium acetate removal of carbonates followed by SCBD removal of iron oxide.
For each of these eight subsamples, XRD patterns were obtained for the following conditions: Mg-saturated and then air dried (Mg-ADPO); Mg-saturated and then saturated with ethylene glycol (Mg-GPO); K-saturated and then air dried (K-ADPO); K-saturated and then heated to 350~ for 0.5 hr (K-350~
and K-saturated and then heated to 550~ for 0.5 hr (K-550~ This series of pretreatments and the XRD procedures resulted in 40 XRD patterns for each mineral horizon.
All samples were mounted according to the suction method of Kinter and Diamond (1956) using the modification proposed by Rich (1969) . The amount of claysize material on each porous plate was uniform (186 rag), while the thickness and density of the mounted clay were controlled as much as possible in order to obtain a uniform distribution across the porous plate. The calculated density of the clay layer examined was approximately 14 mg/cm 2, producing the optimum thickness corresponding to a starting angle of 35~ (Rich, 1975) . It is important to note that for each mounted sample, the amount of clay used and the clay density were controlled as much as possible. By controlling the amount of material mounted on each porous plate and its distribution across the plate, both intra-and intersample examination of clay mineral XRD characteristics as revealed by peak size, shape, and location was possible. The samples were examined using Ni-filtered CuKc~ radiation and a General Electric XRD-5 diffractometer with a scanning speed of 2~
Figures 1 through 4 depict the XRD traces obtained for the Ae, Bhf, IIBf, and IIC horizons of Pedon 6.
RESULTS

Material composition
Detailed particle-size and petrographic analyses of Pedon 6 revealed that volcanic glass shards comprised approximately 53% of the material examined between 150 and 31.2/zm in size. The glass shard morphology andconcentrations(clearglass = 5%;stretchedglass = 4%; stretched-vesicular glass = 4%; fine-vesicular glass = 19%; and coarse-vesicular glass = 21%) are comparable to that of the St. Helens Y volcanic ash (Brewster, 1979) . This ash originated from an eruption at Mount St. Helens in southwestern Washington approximately 3350 years 13P (Crandell et al., 1962) . Other volcanic ash materials identified in the Mount Edith Cavell meadows of Jasper National Park, but not within Pedon 6, include Mazama ash and Bridge River ash, originating from eruptions dated at 6600 years BP and 2450 years BP, respectively (Fryxell, 1960; Nasmith et al., 1967) . The non-volcanic ash soil materials are composed of locally derived till or colluvial deposits. Deglaciation of this area of the Canadian Rocky Mountains is commonly considered to have occurred approximately 10,000 years BP (Rutter, 1972) . If the subsoil materials are colluvium, these materials are of variable age, having been deposited between the time of deglaciation (10,000 years BP) and the time of the oldest ashfall identified at the site (St. Helens Y, 3350 years BP).
Ae horizon
The volcanic ash-derived Ae horizon was estimated to contain only about 33% volcanic glass within the total soil material, although approximately 55% of the particles examined between 150 and 31.2/~m in size were identified as volcanic glass shards (Brewster, 1979) . The XRD traces of the untreated clay sample obtained from this horizon (Figure la The behavior of this 14-/~ mineral is thought to represent a mixture of montmorillonite, vermiculite, and Al-interlayered vermiculite. Thus, the XRD characteristics of the untreated sample indicate that the clay mineral suite of this horizon is dominated by Al-interlayered vermiculite.
Individual chemical treatment. Removal of organic material (4.7% organic carbon) by H202 treatment produced a significant expansion of the 14.24-/~ peak to 16.66 A following Mg-saturation and glycolation (Figure la, Mg-GPO) . Asymmetry of the 16.66-4 peak to the high angle side suggests that expansion was not complete. The XRD patterns of the K-saturated and heated samples (Figure la, K-ADPO and K-350~ suggest that although a montmorillonite-type clay mineral dominates the mineral suite, both Vermiculite and A Iinterlayered vermiculite are also present. The apparent dominance of the clay assemblage by the montmorillonite-like, expandable mineral in the H202-treated sample contrasts with the subordinate role of this mineral in the untreated sample.
The XRD traces of samples treated with NaOAc to remove carbonates are characterized by a clay mineral which produced a sharp and intense 14.24-/~ peak upon Mg-saturation (Figure la, Mg-ADPO) . Saturation of this sample with ethylene glycol resulted in a variable expansion of the 14-/~ peak to a 16.66-/~ spacing and the creation of a broad plateau between 14.47 and 16.66 A (Figure la, Mg-GPO) . Partial collapse to 13.38/~ and asymmetry to the high angle side of the XRD peak produced by the K-saturated sample suggest the presence of Al-interlayered vermiculite (Figure la, K-ADPO) . The NaOAc-treated sample did not exhibit as drastic a modification of the untreated-sample XRD traces as did the H202-treated sample; however, the montmoril-lonite-like expandable mineral appeared to be more abundant in the NaOAc-treated sample than in the untreated sample. Also, the characteristics of the XRD peaks of the NaOAc-treated sample contrast sharply with those of the untreated sample (Figure la) .
Removal of iron oxides (0.55% dithionite-extractable Fe) by SCBD treatment changed the 14-]1 peak in a manner which is contrary to the behavior of this peak with H202 treatment. After saturation with ethylene glycol, the 14.24-A. peak became asymmetrical to the low angle side, and a definite 16.66-]1 spacing was not produced (Figure la, GPO) . K-saturation produced an intense 13.38-A, peak which was asymmetrical on the high angle side and an increase in the intensity of the 10.27-/~ spacing. Heating the sample to 350~ for 0.5 hr completely collapsed the spacing to 10.15/~. The behavior of the Ae horizon samples subjected to SCBD treatment indicates that the samples are totally dominated by Al-interlayered vermiculite with minor amounts of vermiculite, illite, and vermiculite/montmorillonite interstratifications.
It can be seen from the examination of the Ae horizon clay minerals that individual treatments can change interpretations of the nature of the clay mineral assemblage. Although the preceding discussion primarily involved 14-]1 clay mineral characteristics, it should be noted that illite (10.15/~) is also present and that the XRD characteristics of illite are not changed by any of these treatments. The 7.18-]1 spacings shown in Figure  1 were identified as kaolinite by prior analysis (Brewster, 1979) . 
Summary of effects upon Ae horizon samples.
Within the Ae horizon of this pedon, pretreatments, both individually and in combination, created a variable interpretation of the clay mineral assemblage. If the untreated sample represents the clay mineral suite as it exists in situ, the assemblage appears to be dominated by AIinterlayered vermiculite with subordinate amounts of vermiculite, illite, and kaolinite. The XRD traces of treated samples suggest that the clay mineral suite is dominated by montmorillonite-like, expandable clays. The nature of the clay species present in the Ae horizon did not change as a result of the treatments, but the relative abundance of some individual species increased as the severity of the treatment increased.
Bhf horizon
The Bhf horizon was estimated to contain approximately 29% volcanic glass within the total soil material. Volcanic glass shards accounted for approximately 53% of the particles between 150 and 31.2/zm in size (Brewster, 1979) . The mineral assemblage of the untreated sample is dominated by a poorly ordered, AIinterlayered vermiculite (Figure 2a ) with lesser amounts ofillite and vermiculite. The XRD peaks of the untreated sample are irregular and weak, characteristics commonly associated with either poorly crystalline clay minerals or an abundance of amorphous materials. Unlike the alteration of Ae horizon clays, treatment of the Bhf horizon clays did not change the estimates of clay mineral species concentration, although XRD peak characteristics of these minerals were changed. The clay-size materials in the untreated sample ( Figure  2a ) are poorly ordered and probably contain considerable amorphous material, whereas the materials in the SCBD-treated sample have intense and symmetrical XRD peaks, characteristics which suggest well-crystallized and/or abundant clay minerals.
Individual treatment. NaOAc-treated samples have XRD characteristics which are similar to the XRD characteristics of the untreated samples. However, SCBD treatment (1.60% dithionite-extractable Fe) caused the greatest variation in the XRD peak characteristics between the treated and untreated samples (Figure 2a) . The XRD traces of the H202-and SCBD-treated samples revealed a 14-]1clay component having a sharp and intense diffraction peak which did not collapse with K-saturation (Figure 2a , K-ADPO). The peak collapses to 10.04 ]1 on heating to 350~ (Figure 2a, 350~ The SCBD-treated sample contained a minor 14.24-]1 component which was stable after heating to 350 ~ and 550~ a characteristic of chloritic clay minerals. The presence of chlorite within the Bhf horizon was only indicated in samples which had been treated with SCBD (Figure 2a) .
Combined treatment. Subjecting samples to a combination of treatments gave mixed results (Figure 2b ). The clays in these samples include Al-interlayered vermiculite, vermiculite, illite, and traces of kaolinite. Samples which underwent NaOAc + H202 treatment produced sharper and more intense peaks than those of the untreated sample, although the peak spacings are not produce the greatest alteration (Figure 2b ). Samples treated with NaOAc + H202 contain more crystalline clays (or less amorphous material) than those samples which were treated with NaOAc + H202 + SCBD (Figure 2b ). Unlike the Ae horizon samples, the composition and concentration of Bhf horizon clay mineral species does not change in accordance with increasing pretreatment severity. The treatment of the volcanic ash-derived B horizon clay minerals does, indeed, result in "clean-sharp" XRD peaks; however, these peaks may not be representative of the in situ character of the clay-size material.
Individual treatment. Untreated samples from the till or colluvial materials of the IIBf horizon of this pedon produced XRD peaks characteristic of illite and ironrich chlorite (Figure 3a) . These XRD peaks are symmetrical, but rather subdued. H202 treatment (1% organic carbon) did not alter the 14-/~ chlorite peak or the 10-/~ illite peak, except for an increase in the peak intensity of Mg-saturated samples (Figure 3a) . NaOActreated samples produced XRD peaks which were similar to those of the untreated sample. The greatest change in the XRD characteristics of these samples was produced by the SCBD treatment (2.07% dithionite-extractable Fe). The XRD peaks of these products are considerably more intense than those of the untreated samples (Figure 3a) . Although the XRD peaks of the SCBD-treated sample are "cleaner" and "sharper" than those of the untreated sample, the interpretation of the illite-chlorite ratio or the evaluation of the concentration of these two minerals was not altered by individual treatment. The clay minerals in the SCBD-treated sample appear to be more crystalline, or conversely, less altered than those of the untreated sample. Alternatively, crystalline clay-size material is more abundant in the latter (Figure 3a) . Bhf horizon samples which were subjected to the most severe treatment (NaOAc + H202 + SCBD) did Combined treatment. A combination of chemical treatments on samples of the IIBf horizon yielded more intense XRD peaks with increasing severity of treatment (Figure 3b ). The detection of individual clay minerals was not changed by such treatments; however, the patterns of the most severely treated samples were similar to those of unaltered crystalline clays which were uncontaminated by amorphous materials.
HC horizon
Individual and combined treatment. Illite and ironrich chlorite comprise the clay mineral suite of the IIC horizon (Figure 4a ). The XRD peaks of the untreated sample are extremely sharp and intense. H202 treatment of these samples produced broader and weaker XRD peaks (Figure 4a) . The intensity and symmetry of the XRD peaks of the NaOAc-and SCBD-treated samples are comparable in intensity and symmetry to those of the untreated sample. Samples which were subjected to combinations of treatments produced weaker and broader XRD peaks compared to those of the untreated sample (Figure 4b ).
DISCUSSION AND CONCLUSIONS
The results of this experiment demonstrate the need for caution when interpreting clay mineral assemblages, species concentration, or crystallinity when treatments are used to produce "clean-sharp" XRD peaks. Treatment of the weathered Ae, Bhf, and IIBf horizon samples resulted in rather dramatic improvements in the XRD peak intensity, while treatment of IIC horizon samples resulted in subdued peak intensities. The contrasting effect which these treatments had on the XRD peak intensities of weathered and unaltered clay samples suggest that some form of mineral modification occurs following treatment; however, the modification is masked by marked improvements in XRD peak intensities.
A problem arises when attempting to determine the XRD characteristics of the natural (in situ) clay system. In this study, chemically untreated samples were assumed to be representative of the natural clay system. The XRD peak characteristics of these untreated samples were then compared to the XRD characteristics of the treated samples in an attempt to establish treatment effect. In view of the possibility of non-parallel orientation of clay minerals, carbonate and iron oxide bonding, and masking by amorphous materials, the XRD patterns of the untreated samples may not represent the so-called "natural clay system." The problem of XRD characterization of the in situ clay is difficult to overcome when using naturally occurring, weathered clay samples; however, evaluations of treatment effect are best made using an untreated sample as a reference.
A more pronounced effect of such treatment is the apparent production of expandable clay minerals within the Ae horizon. Increasing the severity of treatment increases the concentration and crystallinity of montmorillonite-like expandable minerals. This finding is not new; observed that the likelihood of identifying montmorillonite increases and the degree of dispersion increases as the severity of the treatment for iron removal increases. This phenomenon is probably due to the hydrolysis and removal of interlayer aluminum ions during H202 and SCBD treatments, causing the degradation of the clay minerals. Consequently, the poorly ordered vermiculite or vermiculite/montmorillonite interstratifications become "weathered" by hydrogen attack and aluminum removal, in a manner similar to the weathering processes in the acid and eluvial A horizon. The fact that this reaction takes place only with Ae horizon samples supports this general conclusion, because these samples contain weathered vermiculite and vermiculite/montmorillonite interstratifications which would serve as substrata for further laboratory modification.
The possible dilution of untreated samples by amorphous clay-size materials may also be significant. Within other pedons examined from Jasper National Park, volcanic ash-derived B horizons were found to contain approximately 50% more amorphous clay-size material than the overlying A horizons (Brewster, 1979) . However, the volcanic ash-derived B horizons examined in this study did not exhibit the degree of variation in species composition, concentration, and crystallinity as did the samples obtained from the A horizon. This suggests that the effect of dilution by amorphous materials is subordinate to the chemical modification of pre-existing weathered clay minerals.
